Objectives For the measurement of patient-reported outcomes, such as (health-related) quality of life, often many measurement instruments exist that intend to measure the same construct. To facilitate instrument selection, our aim was to develop a highly sensitive search filter for finding studies on measurement properties of measurement instruments in PubMed and a more precise search filter that needs less abstracts to be screened, but at a higher risk of missing relevant studies. Methods A random sample of 10,000 PubMed records (01-01-1990 to 31-12-2006) was used as a gold standard. Studies on measurement properties were identified using an exclusion filter and hand searching. Search terms were selected from the relevant records in the gold standard as well as from 100 systematic reviews of measurement properties and combined based on sensitivity and precision. The performance of the filters was tested in the gold standard as well as in two validation sets, by calculating sensitivity, precision, specificity, and number needed to read.
Introduction
For the measurement of patient-reported outcomes, such as (health-related) quality of life, often many measurement instruments exist that intend to measure the same construct. Choosing an appropriate instrument for a certain purpose should be based on the measurement properties of the available instruments. It is, therefore, important to have easy access to data on the measurement properties of the available instruments. Studies on measurement properties of measurement instruments are, however, often difficult to find in PubMed. This is due to a number of reasons:
Indexing by the National Library of Medicine (NLM)
is sometimes incomplete and often unpredictable. There are three specific index terms in PubMed for studies on measurement properties: the publication type term ''Validation study'' and the MeSH terms ''Reproducibility of results'' and ''Psychometrics''. However, in many cases studies on measurement properties are not tagged with these terms. For example, in a systematic review on shoulder disability questionnaires, we identified 26 studies on measurement properties in PubMed [1] . None of them were tagged with the publication type term ''Validation study'', 13 were tagged with the MeSH term ''Reproducibility of results'', and two were tagged with the MeSH term ''Psychometrics''. Three studies were tagged with other related MeSH headings such as ''Outcome Assessment (Health Care)'' (1 study) and ''Sensitivity and Specificity'' (two studies). These MeSH headings are, however, not specific for studies on measurement properties. Seven of the 26 studies were not tagged with any MeSH heading relevant for measurement properties. 2. There is large variation in terminology for measurement properties. For example, for reliability, many synonyms can be found in the literature, e.g. reproducibility, repeatability, precision, variability, consistency, dependability, stability, agreement, and measurement error. This makes it difficult to find all studies on the reliability of a measurement instrument. 3. Studies on measurement properties are sometimes poorly reported in the abstract. Some authors do not use any commonly used term for measurement properties in the title or abstract of their study.
There is thus a need for a methodological search filter to find studies on measurement properties in PubMed. A methodological search filter is a combination of search terms designed to retrieve studies with a particular type of study design, in this case studies on measurement properties of measurement instruments. Such a filter does not yet exist. There is one filter available for finding outcome measures [2] , but this filter was developed to find measurement instruments, and not studies on the measurement properties of these instruments.
The aim of this study was, therefore, to develop a highly sensitive methodological search filter for finding studies on measurement properties in PubMed. A highly sensitive search filter is especially useful for systematic reviews of measurement properties. A second aim was to develop a more precise search filter for a less extensive search, e.g. for researchers who have to choose a measurement instrument, but do not have the time and resources to perform a systematic review. With a more precise filter, less abstracts need to be screened to find a study on measurement properties, but at a slightly higher risk of missing relevant studies.
Methods
The search filters were developed according to four phases, as described by Jenkins [3] and the UK InterTASC Information Specialists' Sub-Group (ISSG), a group of experienced health care information specialists [4] . The first phase concerns identification of a gold standard set of records to evaluate the search filters. The second phase concerns the selection and combination of search terms to develop the search filters. In the third phase, the search filters are evaluated against the gold standard set of records. And in the fourth phase, the search filters are validated by examining the performance of the filters in a new set of records.
Phase 1: Identification of a gold standard
We selected a random sample of PubMed records as a representation of the literature in which the search filters are going to be used. We performed a power analysis to estimate the required number of records based on the estimated prevalence of studies on measurement properties in PubMed and the desired sensitivity. We selected a random set of 500 PubMed records to estimate the prevalence of studies on measurement properties, which was 1%. With a desired sensitivity of 98% with the lower limit of the confidence interval at 95%, we estimated that the gold standard should contain 100 relevant studies. This meant that we had to select a random sample of 10,000 PubMed records as our gold standard. The sample was drawn based on random PubMed unique identifiers numbers (PMIDs; in PubMed every record has a unique number). We selected only records from 1990 onwards, because most relevant studies on measurement properties have been published after this date. We selected records up to December 2006 (the search was performed on March 12, 2007) to include also the records that were not yet indexed by the NLM to simulate a 'real life' search as much as possible. We did not restrict our search to any medical field or journal.
The records in the gold standard were hand searched to find studies on measurement properties. In order to reduce the workload, we first developed an exclusion filter to identify irrelevant research such as editorials, reviews, comments, case reports, and animal research. This filter was developed by combining publication types and MeSH headings, based on experience of the information specialists [EPJ and IR] . This filter was used on the gold standard to identify irrelevant records. All records identified by this exclusion filter were recorded as being not studies on measurement properties. The remaining records were hand searched to identify studies on measurement properties. The hand search was performed by two reviewers [CBT and EPJ] . Both reviewers, independently, screened all titles, abstracts, and MeSH headings. Disagreements were resolved by a consensus meeting with a third reviewer [HCWdV] . We did not screen the full-text articles to mimic the future situation, because the performance of the filter will be determined by the information included in PubMed, not in the full-text articles. We identified abstracts as studies on measurement properties if they had the aim to develop or evaluate a measurement instrument and that reported at least some information on the measurement properties.
At the end of this phase, all 10,000 records in the gold standard were categorized as being studies on measurement properties or not.
Phase 2a: Search term selection
Five sources were used for search term selection: (1) we searched for relevant MeSH headings and text words in the titles and abstracts of all relevant PubMed records in the gold standard PubMed records; (2) we searched for relevant text words in 100 systematic reviews of measurement properties of health status measurement instruments that we collected for a review of these studies [5] ; (3) we screened the search strategies of these 100 systematic reviews for relevant search terms; (4) we used the MeSH database to identify additional relevant MeSH headings; and (5) we added a few terms based on our own expertise in developing measurement instruments and assessing measurement properties.
Phase 2b: Search term combination
In order to develop the search filter for finding measurement properties, relevant search terms were combined based on sensitivity and precision. Sensitivity is the number of relevant records in the gold standard retrieved by the search filter as a proportion of the total number of relevant records in the gold standard. Precision (or positive predictive value) is the number of relevant records retrieved by the search filter as a proportion of the total number of records retrieved (Appendix 1). First, we determined sensitivity and precision of all terms individually (univariate) in the gold standard set of records (all 10,000 records). Next, we determined sensitivity and precision of combinations of related terms, e.g. all terms for reliability, to identify the most sensitive term for each measurement property. Then, we combined search terms in sequence of their sensitivity, starting with MeSH headings and the most sensitive terms for each measurement property. We took precision into account by giving priority to terms with a higher precision. For each additional term, we determined sensitivity and precision of the whole filter to see how the filter improved.
During the development and testing of the filter, we combined the search terms for measurement properties with the exclusion filter by applying Boolean NOT, in order to mimic the future use of the filter.
We developed two filters: first, we developed a sensitive filter. We aimed at 98% sensitivity, based on the performance of currently available search filters in other fields (http://hiru.mcmaster.ca/hiru/HIRU_Hedges_MEDLINE_ Strategies.aspx). The best search filters have a sensitivity around 99%. We expected the sensitivity of our filter to be slightly lower because of the large variety of terminology used in the field of measurement.
Secondly, we developed a more precise filter to be used for a less extensive search. We aimed at a precision of 10%, which is comparable to the best search filters for finding clinical trials and diagnostic studies. We aimed to keep the sensitivity of the precise filter around 95%. The precise filter was developed by removing search terms from the first filter one by one with a relatively low contribution to the sensitivity and a high false positive rate (i.e. retrieving many irrelevant records). After removing each term, we determined sensitivity and precision of the whole filter to examine how the performance changed.
Phase 3: Search filter evaluation (internal validity)
In the third phase, the performance of the filters (combined with the exclusion filter) were tested in the gold standard by calculating sensitivity, precision, specificity, and number needed to read (NNR), which is the number of records that need to be read to identify one relevant record (Appendix 1).
Phase 4: Search filter validation (external validity)
In the final phase, the search filters (combined with the exclusion filter) were validated against two existing PubMed searches that were previously hand searched by two independent researchers. The first validation set was a systematic search of all studies on the measurement properties of the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC). This is a self-report questionnaire for the measurement of pain and physical functioning of osteoarthritis patients [6] . This search was performed on [7] . We calculated sensitivity, specificity, precision, and number needed to read of both filters in both validation sets.
Results
The exclusion filter (Appendix 2) identified 3,587 irrelevant records in the 10,000 records of the gold standard. The remaining 6,413 records were hand searched. We indentified 116 studies on measurement properties in the gold standard, which gives a prevalence of 1.16%.
About 200 possible search terms were identified and tested individually against the gold standard set of records. The most sensitive and most precise search terms are presented in Table 1 .
The most sensitive search term was ''reproducib*[tw]'' with a sensitivity of 43.1% and a precision of 30.9%. The most precise search term was ''internal consistency [tiab] '' with a precision of 100% but a low sensitivity of 6.9%. While the most sensitive search terms also had a reasonable precision, all terms with a high precision had a low sensitivity.
The final two search filters and the exclusion filter are presented in Appendix 2. The main differences between the filters are: first, the sensitive filter does contain some terms that the precise filter does not contain (e.g. ' A guide for using the filters is presented in Fig. 1 . The filters should be used in combination with search terms for the construct of interest, the kind of measurement instruments of interest, and the population of interest. These terms should be defined by the users, preferably with the help of an information specialist.
Search filter evaluation (internal validity) and search filter validation (external validity)
The performance of the filters (combined with the exclusion filter) in the gold standard is presented in Tables 2 and 3 . The sensitive search filter was able to retrieve 113 of the 116 studies on measurement properties, which gives a sensitivity of 113/116 = 97.4%. This filter retrieved 2,594 records, which gives a precision of 113/2594 = 4.4%. The number needed to read is 23. The precise search filter was able to retrieve 108 of the 116 studies on measurement properties, which gives a sensitivity of 93.1%. This filter retrieved 1,150 records, which gives a precision of 9.4% and a number needed to read of 11.
The performance of the filters (combined with the exclusion filter) in the two validation sets are also presented in Table 3 . Sensitivity of the sensitive search filter in the two validation sets was 98.0 and 94.6% and precision was 13.2 and 5.6%, respectively. Sensitivity of the precise filter was 94.0 and 89.7% and precision was 25.3 and 11.0%, respectively.
Discussion
We developed a highly sensitive search filter for finding studies on measurement properties in PubMed. This filter was able to retrieve 97.4% of the relevant records in the gold standard. We also developed a more precise search filter. This filter reduced the number of records that need to be read to identify one study on measurement properties from 87 (10,000/116) without using a filter to 11 (1,150/ 108) when using the filter. Only terms with at least 30% sensitivity or 30% precision are presented
The sensitivity of both filters was slightly lower than we aimed for (97.4% instead of 98% and 93.1% instead of 95%). This means that there is a slight risk of missing relevant studies when using these filters. However, the sensitivities are still quite acceptable, when compared to other search filters (http://hiru.mcmaster.ca/hiru/HIRU_ Hedges_MEDLINE_Strategies.aspx).
The performance of both filters was very good in the two validation sets. The performance was better in the set of records of studies on measurement properties of the WOMAC questionnaire than in the set of records of studies on measurement properties of the physical activity questionnaires. This might be due to the fact that studies on the same questionnaire are often performed according to a similar methodology, which might lead to more consistent use of terminology. Another reason might be that the These searches should then be combined with the search filter for measurement properties to find all studies on the measurement properties of the instruments of interest that measure the construct of interest in the population of interest. One can choose to use the sensitive filter for a comprehensive search or the precise filter for a less extensivesearch. The exclusion filter is meant to remove irrelevant records from the search, such as case reports and animal studies. Fig. 1 A guide for using the search filters Although we tested the performance of the filters always in combination with the exclusion filter, we decided to present the exclusion filter as a separate filter, because this enables users to choose to use the filter for measurement properties without the exclusion filter if they want to retrieve all publication types, or human and animal studies. Moreover, information specialists recommend using exclusions (Boolean NOT) always at the end of the search strategy.
It is important to use the exclusion filter exactly as indicated above. One should not run the exclusion filter separately and then link with NOT.
This study has several methodological strengths: first, the gold standard, a random sample of PubMed, is representative for the literature in which the filters are going to be used. This will increase the likelihood of a good performance of the filters in future studies. We did not only include high quality or recent studies (or high quality journals) in our gold standard, but also poor and older studies because the filters should also be able to find these studies. For the same reason, we also included records that were not yet indexed by the NLM. Many published search filters, like those developed by Haynes and Wilczynski et al. [8] [9] [10] [11] , are tested against recent high quality studies. The sensitivity of these filters in the ''real world'' is likely to be overestimated.
Second, we analyzed the performance of the filters in a way that mimics the real use of the filters, e.g. in a systematic review. Therefore, we calculated sensitivity based on screening of the abstracts, not on screening of the fulltext articles. Three abstracts were missed by our sensitive filter (PMID 11681521, 10747220, and 9650947) because they did not contain any terms for measurement properties in the abstracts. They were selected by hand search because of statements like ''The results obtained using these techniques are compared'' or ''A comparison of organism recoveries and morphologies was undertaken with both … (WT) and (ES)''. When we read the full-text articles of these three abstracts, it appeared that only two of them included some information on measurement properties. However, we still counted all three abstracts as false negatives because we would have selected these abstracts in a real situation, e.g. when screening abstracts for a systematic review. Therefore, we wanted the filter to retrieve them. If we would have calculated sensitivity based on the full-text articles, as has been done in many other studies [8] [9] [10] [11] , we would have overestimated the real sensitivity of the filter, because in that case, the one study that did not include information on measurement properties that we missed would not have been counted as false negative.
Third, our filters have been validated in two very different settings, i.e. one set of records from a search for finding studies on measurement properties of a diseasespecific health questionnaire and one set of records from a search for finding studies on measurement properties of physical activity questionnaires. The performance of the filters in these two settings is promising. Nevertheless, it would be worthwhile to validate the filters in new validation sets, especially in the field of (health-related) quality of life research, where there are many instruments available to measure the same construct, with different measurement properties. It would also be worthwhile to analyze whether the performance of the filters is different e.g. for disease-specific versus generic instruments or for different medical fields.
This study also has some limitations: first, we did not hand search all records in the gold standard because we used an exclusion filter. We might have missed studies on measurement properties by using this exclusion filter. If that was the case, the performance of the measurement properties filter might have been either overestimated or underestimated, depending on whether the filter would have retrieved these missed records.
Secondly, the gold standard contained only 116 studies on measurement properties, and therefore the initial performance of the filter was based only on 116 studies. However, the validation sets contained 100 and 242 studies on measurement properties, respectively, which means that in total the filter has been tested on 458 studies on measurement properties.
The performance of our sensitive filter is higher than that of many other filters. For example, our filter has a higher sensitivity than 23 available search filters for finding diagnostic studies (highest sensitivity 86.9%) [12, 13] . This might be the result of the generalizability of our gold standard set of records, of using multiple sources for search term selection, and the inclusion of over 150 search terms in the filter. Large search filters are easy to use in PubMed because the filter can be copied and pasted at once into the search box.
The performance of the filters can be improved in the future when records on measurement properties are properly indexed or when indexation is corrected. This can be facilitated by reaching consensus among researchers on terminology of measurement properties. For example, the search terms ''reproducib* [tw]'' and ''reliab* [tiab] '' retrieved almost a similar amount of studies. In the COSMIN Delphi study, international consensus was reached on using the term ''reliability'' [14] . Such efforts will facilitate indexing by the NLM and improve retrieval of studies. In addition, standards for reporting studies on measurement properties should be developed. Such standards do not yet exist. For randomized clinical trials, this, with considerable effort of the Cochrane Collaboration, has resulted in increased performance of search filters up to over 99% [15] .
Practical recommendations for using the filters For using the search filters, a computer with internet access is required. PubMed is freely available all over the world. Users of the filters should make a choice of the filter they want to use. This depends on the aim of their search. The sensitive search filter is especially suitable for researchers to use in systematic reviews of studies on measurement properties. The precise filter can be used by researchers or clinicians for a less extensive search, e.g. to obtain an overview of the measurement properties of one specific measurement instrument to be used as an outcome measure in a particular study or in clinical practice. In both cases, the filter should be used in combination with search terms for the construct of interest, search terms for the kind of measurement instruments of interest, and search terms for the population of interest. These terms should be defined by the users, preferably with help of an information specialist. The exclusion filter could be used to exclude irrelevant study types. If users want to retrieve all publication types, or they want to include human and animal studies, they should not use the exclusion filter.
If users of the filters think that the performance of the filters might improve by adding additional terms, they are free to test and validate this. Adding additional terms might improve the sensitivity, but at the cost of lowering the precision because new terms will also yield new irrelevant studies.
Conclusion
We developed a highly sensitive search filter and a more precise search filter for finding studies on measurement properties in PubMed, using a strong methodology. The performance of both filters is very good, as demonstrated in the gold standard as well as in two validation sets. The performance of the filters can be improved even more in the future by improved indexing of studies on measurement properties by the NLM and by improved reporting of these studies by the authors. The use of these search filters will contribute to evidence-based instrument selection and improved quality of measurement in all medical fields.
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